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Introduction
In recent years protein engineering has become a powerful experimental tool to modify at will the properties of polypeptide molecules. One of the goals in the use of this technique has been to increase the stability of enzymes in order to broaden their utility in commercial and medical applications, Disulfide bonds may serve to stabilize the native conformation of proteins (Wetzel, 1987) . The detailed mechanism by which these bonds confer stability is not known but presumably they lower the entropy of the unfolded form (Anfinsen and Scheraga, 1975) . Several investigators have analyzed the stabilizing effect of disulfide bonds by comparing the stability of native proteins with that of mutants into which a disulfide bond had been engineered. The results are not unequivocal. Perry and Wetzel (1984) introduced a disulfide bond into T4 lysozyme between residues 3 and 97. Provided the intrinsic Cys 54 residue has a blocked thiol group, then the mutant enzyme with an intact 3 -97 disulfide bond was found to have enhanced temperature stability. The reduced form behaved essentially identical to wild-type T4 lysozyme. However, when the thiol group of residue 54 was not blocked, the mutant showed no enhanced thermal stability, neither in the oxidized nor in the reduced form.
Also in dihydrofolate reductase from Escherichia coli a disulfide bond has been engineered (Villafranca et al., 1983 (Villafranca et al., , 1987 . The oxidized (cross-linked) form of this enzyme was not more resistant to thermal denaturation than the wild-type enzyme.
On the other hand, the disulfide-cross-linked enzyme was shown to be more stable with respect to unfolding as measured by guanidine hydrochloride denaturation. Two reports exist on the stabilization upon disulfide bond formation in subtilisin BPN '. Pantoliano et al. (1987) found an enhanced stabilization against thermal inactivation after engineering a disulfide bond between residues 22 and 87. To reduce the amount of autolysis the stability of the enzyme and mutant was determined in the presence of an inhibitor. Wells and Powers (1986) produced the same mutant. These authors were interested primarily in increasing the stability against autolysis. Their results indicate, however, that a disulfide bond between residues 22 and 87 actually lowers the autolytic stability. A disulfide bond introduced between residues 24 and 87 by these authors did not affect stability against autolysis.
In two of the above-mentioned cases the three-dimensional structures of the disulfide mutants were analyzed by X-ray crystallography. The geometry of the disulfide bond in dihydrofolate reductase (Villafranca et al., 1987) appeared not to be identical with that of any of the previously known protein disulfide bonds (Richardson, 1981) . The Pro 39 to Cys mutation caused some small conformational changes in the region of the substitution only. No displacements of a-carbon atoms larger than 0.25 A appeared anywhere in the molecule. Katz and Kossiakoff (1986) analyzed the X-ray structures of two subtilisin mutants. Also here it appeared that the engineered disulfide bonds adopted novel sets of dihedral angles, which did not fit well into any of the previously found geometric categories with respect to all five dihedral angeles. The main chain atoms in the disulfide region showed only minor differences.
It is clear that, in order to assess the role of disulfide bonds in the stabilization of protein conformation, more research is required. Given the atomic coordinates of a protein molecule, then model building is a first step to identify potential sites in a protein where a disulfide group of good stereochemistry can be inserted with a minimum of main chain rearrangement. A protein of 200 amino acid residues has in principle 20 000 possibilities for disulfide bond formation. Most of the amino acid residues of course will be too far apart to form these bonds, but for the other residues all possibilities giving disulfide bonds with the correct geometry should be taken into account. This task is most easily done by computer. Pabo and Suchanek (1986) have published an algorithm for locating sites for potential disulfide bonds in proteins of known three-dimensional structure. Their method encompasses the comparison of main chain atoms of two residues with the main chain atoms of two cysteine residues forming a disulfide bond of known conformation. If the backbone atoms of such a set have the same spatial relationship as the Cysbackbone atoms, then these residues in the set might provide a plausible position for introducing a disulfide. This means that in these authors' method, the conformation of disulfide bonds which can be predicted is restricted to the conformations of disulfide bonds for which a three-dimensional structure has been determined. Pantoliano et al. (1987) used a similar approach to model disulfide bonds into proteins as Pabo and Suchanek (1986) . From the few examples available at this time, however, it is clear that not all engineered disulfide bonds will have a conformation similar to the ones already known.
Here we present a quite different and also much faster method to predict conformations of disulfide bonds in proteins of known three-dimensional structure. Our method is not limited by the number of disulfides for which the three-dimensional structure has been solved by X-ray crystallography. For each amino acid residue with known positions of the main chain N, Cα and C atoms, the position of a Cb atom and a starting position of an Sg atom are generated (Sg in the plane of N, Cα and Cb). Selection of potential disulfide bond-forming residue pairs is done first on the basis of their Cb -Cb distance. Subsequently the Sg positions of these selected residues are evaluated on the basis of their Cb1-Sg2 and Cb2-Sg1 distance, while rotating the Sg atom about the Cα-Cb bond of residue 2, respectively residue 1. To ensure a correct geometry for the atoms in the disulfide bond with respect to the bond lengths and bond angles, the atoms in the disulfide bond are subjected to an energy minimization procedure.
Materials and methods

Philosophy of the program
Before going on to describe the features and working of the program in some detail it may be useful to touch briefly upon the basic ideas of the program. Our main goal was to develop a computer program which can generate any potential disulfide bond within the explicit conformational and energy constraints provided by the user. Not a single conformation should be excluded a priori because of the limitations imposed by the finite size of a database with known disulfide conformations. The coordinates of the N, Cα and C atoms of an amino acid residue are sufficient to generate positions for a Cb and Sg atom. Therefore, this information alone should suffice to allow the program to generate all potential disulfide bonds. If more than one possible conformation for a disulfide bond is found, the program should rank these conformations according to the quality of their geometry. Finally, the program should be easy to use, with default values for input parameters where appropriate. It should also be written such that it can be run on a wide variety of computers without the need for modifying code specific for anyone computer make. Figure 1 shows an outline of the program SSBOND in diagram form. The program has been written in standard FORTRAN 77 with no machine-specific extensions. It runs on computers as different as VAX 11/750, µVAX II, CDC Cyber 176 and the CONVEX CI-XP.
General description of the algorithm
After initialization (subroutine SSINIT) the input fIle with atomic coordinates is read (subroutine RDFILE). The program accepts data in the Protein Data Bank format (Bernstein et al. , 1977) and data in the format of the BIOMOL set of protein structure determination programs. Other formats can easily be incorporated. Residues for which minimal coordinates for the N, Cα and C atoms are present are accepted. The coordinates of these atoms are stored, as well as the coordinates of Cb atoms when available. These observed Cb atom positions are used later for an analysis of the discrepancies between the ideal bond lengths Figure 2 for a definition of the dihedral angles in a disulfide). This is done in subroutine CYSGEN (see below for details). In addition, this subroutine calculates the root mean square (r.m.s.) difference between observed and calculated Cb positions. This r.m.s. difference can be used in the selection of residue pairs which are close enough to form a disulfide bond.
Finally, subroutines CHCKCB and CHCKSG perform the selection of possible disulfide bond conformations. CHCKCB selects residue pairs which have their Cb atoms at a distance is the normalized vector from the N to the C atom, positioned at the Cα atom as the origin. V4 is -(the bisecting vector between the normalized Cα -Nand Cα -C vectors). V4 also has been normalized to 1.0 Å. suitable for disulfide bond formation. CHCKSG determines the X-I angles at which good disulfide bonds can occur and restrains the bond lengths and bond angles in the predicted disulfide bond conformations to the ideal values by an energy minimization procedure. The energy of the predicted conformations is calculated and, optionally, the generated disulfide bonds are written to an output coordinate file. Figure 3 shows the stereochemistry around a tetrahedral Cα atom of an L-amino acid residue. All bond lengths in this figure are assumed to have been normalized to a length of 1.0 Å.
Generation of Cb positions
V3 is a normalized vector from N to C with the Cα atom as origin. Note that this vector is perpendicular to the plane of H, Cα and Cb. The normalized vector V4 = -(VI + V2), in which VI and V2 are normalized vectors from Cα to C, respectively Cα to N. V41ies in the plane of H, Cα and Cb. Now it is easy to calculate the Cb position:
In this formula d cc is the bond length between Cα and Cb, and [R] is a rotation matrix which specifies a rotation about the vector V3 [see e.g. Altman (1986) for a detailed description of such a rotation matrix]. In the case of ideal tetrahedral geometry at an α-carbon atom this rotation angle would have been half the perfect tetrahedral angle. However, the geometry at the α-carbon atom is known not to be perfectly tetrahedral. Therefore, and also to determine the optimal value for the Cα-Cb bond length, we analyzed our database of refined high resolution structures (see Table II and below). In this database the mean Cα-Cb distance is 1.538 ± 0.028 A for all 6488 amino acid residues except glycine. For 241 cysteine residues this mean distance was found to be 1.532 ± 0.023 Å. This latter value was used throughout the subsequent analyses. Also the rotation angle was determined from this database. This angle appeared to be 52.3 ± 4.8°for all residues, and 53.2 ± 4.4°for the 241 Cys residues. We used the value 53.2°.
Generation of starting Sg positions
The position of the Sg atom in a cysteine residue is a function of X-I, the torsion angle about the Cα-Cb bond. For X-I = 0.0, Sg lies in the plane of N, Cα and Cb (Figure 4) and its position is then easy to calculate.
d cs is the bond length of the Cb-Sg bond. V6 is given by (see Figure 4 ):
norm6 is a normalization factor; V5 is given above; VI is the normalized vector from Cα to N. The constants p and q can easily be calculated from Figure 4 :
qCb is the standard bond angle Cα -Cb -Sg . qCα is the calculated bond angle N -Cα -Cb. From a survey of our database, including 95 disulfide bonds, the mean Cb-Sg bond length was found to be 1.81 Å. The N -Cα-Cb and Cα -Cb -Sg bond angles were found to be 110.0 and 113.7°, respectively. The Sg I-Sg2 bond length was 2.03 A and the Cb1-Sg I-Sg2 bond angle was 104.0°. These values were used throughout the program.
For X-I values ╪ 0.0, V6 is rotated over the desired X-I angle about vector V5 using the rotation matrix [R] given above.
Selection of potential disulfide bond-forming residues
With standard bond lengths of2.03 and 1.81 A for the S-S and C-S bonds, respectively, and a standard value of 104°for the Cb -Sg 1-Sg2 bond angle, the Cb1-Cb2 distance in a disulfide bond can be calculated to vary between a minimum of 2.9 A and a maximum of 4.6 Å. This distance is a function of the dihedral angle x-3 (the Cb1-Sg1-Sg2-Cb2 dihedral angle).
The minimum distance occurs at X-3 = 0.0°and the maximum at x-3 = 180.0 0. However, in disulfide bonds found in proteins this X-3 angle has a very strong preference for the values ±90° ( Richardson, 1981) . The Cb1-Cb2 distance corresponding with these values of x-3 is 3.83 Å. Our first criterion to select acceptable disulfide bonds is based on this Cb1-Cb2 distance. Because of uncertainties in the observed atomic coordinates this criterion can not be applied rigorously. Instead we make this criterion less strict on the basis of an analysis of the discrepancies between the observed and calculated Cb positions (see Results). In addition, an allowable deviation from the preferred X-3 angles may be specified. The second criterion for selecting acceptable disulfide bonds is the distance between the Cb of one residue (Cb1) and the Sg atom of the other (Sg2). With the same bond lengths and bond 
4.00 2 angle as used above, this distance can be calculated to be 3.03 Å.
It is evaluated while rotating Sg2 about the Cα2-Cb2 bond. In the ideal case Sg2 thus lies on a sphere with Cb1 as the center and a radius of 3.03 Å. At the same time Sg2 must lie on a circle formed when rotating Sg2 about the Cα2 -Cb2 bond. This gives us 0, I or 2 possible solutions for the angle of rotation about the Cα2-Cb2 bond, at which sphere and circle intersect. However, if the Cb atom of the first residue is approximately in line with the Cα-Cb bond of the second residue, this method will fail because all x-I angles in the second residue will be equally good. Therefore, if this is the case, we take the preferred values of -60 0 , +600 and 1800 for this x-I angle. The procedure is repeated for the X-I angles of the first Cys residue. Combination of the results can give up to nine possible SS-bond conformations. Usually, in these calculated conformations the Sg1-Sg2 distance is far from ideal. Therefore, to minimize the deviations from perfect geometry, an energy minimization procedure is applied.
Energy refinement of calculated conformations
To get the best compromise between bond stretching energies, bond bending energies and torsion angle energies, we applied a simple energy minimization procedure to the atoms in a given disulfide conformation. Formulae and parameters to calculate energies were taken from the GROMOS molecular dynamics and energy refinement program package (Van Gunsteren and Berendsen, 1987) (see Table I for details). The actual energy refinement was performed with the algorithm of Dodson et al. (1976) , which was modified to allow restraints on the torsion angles. Weights used in the minimization were adapted to the values used in the calculation of the energies (Table I) .
Test data
To test the program a database consisting of 36 highly refined high resolution protein structures was used. These structures are listed in Table II together with some pertinent information on resolution and R-factor. Most of these structures were taken from the Brookhaven protein data bank (Bernstein et aI., 1977) ; a few were obtained separately from their authors (see Table II ).
Results
Refined protein structures often differ considerably in the tightness of the restraints on bond lengths, bond angles and planarity of groups applied during the refinement. Therefore, we analyzed the agreement of the generated Cb positions and the (observed) Cb positions found in our database. The overall r.m.s. difference was 0.160 Å. This r.m.s. difference ranges from 0.101 to 0.321 Å (see Table II ). We use this r.m.s. difference as a rough estimate of how well the model under investigation conforms to the ideal bond lengths and bond angles used in the program.
Selection of acceptable disulfide bonds
On the basis of the Cb-Cb distance. As mentioned under Materials and methods, the x-3 angle in a disulfide bond has a strong preference for values of ± 90 0 . Associated with this dihedral angle is a Cb-Cb distance of 3.83 Å. Indeed, in our database the average Cb -Cb distance is 3.83 ± 0.18 Å for Cys residues involved in a disulfide bond, with a range from 3.45 to 4.5 Å (corresponding to a x-3 angle of -68 0 and + 159 0 , respectively). The disulfide bond from residue 168 to 182 in rat mast cell protease has x-3 = 159 0 . The x-3 angle of the same SS-bond in a second molecule which is related to the first molecule by local symmetry, has a more normal value of 116 0 . If we leave out this one exceptional case, all other Cb-Cb distances fall within 3.83 ± 4 times the r.m.s. difference between observed and calculated Cb positions. Therefore, this range for the Cb -Cb distance in a disulfide bridge is built into the program. Optionally, an angle increment can be specified, by which the x-3 angle can deviate from the preferred angle of ± 90 0 , in addition to what is allowed by four times the r.m.s. difference between observed and calculated Cb positions.
On the basis of the energy of the predicted disulfide bond. As described under Materials and methods up to nine different conformations for a disulfide bond may be generated. After energy minimization these SS-bond conformations are ranked according to their energy. Input parameters of the program allow the user to select how many conformations are printed. By default, conformations with an energy < 10 kcal/mo1 are selected, unless a conformation has already been printed with an energy >5.0 kcal/mollower than that of the current conformation. This allows one to select only the energetically most favorable disulfide bonds. In our database the energies of the observed SS-bonds are mostly between 2 and 6 kcal/mol (average 4.1 ± 2.4 kcal/mol), with four SS-bonds having an energy > 10 kcal/mol. These are the 138-161 SS-bond in carboxypeptidase (12.8 kcal/mo1; caused by a rather short Sg 1-Sg2 bond of 1.89 Å), the 168-182 SS-bonds in both molecules of rat mast cell protease (16.5, respectively 10.6 kcal/mol; predominantly caused by high energy torsion and bond angles), and the 56 -95 SS-bond in papain (10.35 kcal/mol).
Tests of the algorithm
To ascertain the correct working of the program we applied it to our test data to see if the program correctly predicts the conformations of disulfide bridges which are already present in the model. This is indeed the case: the r.m.s. difference between observed and predicted torsion angles in the disulfide bond is 6.6 ± 6.1 0 ,6.9 ± 7.2 0 and 8.0 ± 5.5 0 for x-I, x-2 and x-3 respectively. The largest differences between observed and predicted SS-bonds were found in carboxypeptidase (the 138-161 SS-bond) and rat mast cell protease (the 168-182 SSbonds). As mentioned above, these SS-bonds have unrealistically et aI., 1977) . bCoordinates as described by Kamphuis et al. (1984) . cCoordinates as described by Bode et al. (1987) . (Jones, 1985) has been used for this and the following figure. The three-picture stereo system used in this figure enables readers with both normal and crossover stereo vision to view the images. For normal vision, select the left and centre images; for cross-over vision, use the centre and right images.
high energies for the observed conformations, and this suggests that the discrepancies between observed and predicted conformations are caused by the observed conformations rather than by the predicted ones. The other disulfide bonds are predicted correctly. To illustrate this, Figure 5 shows the rat mast cell protease dimer with the observed and predicted disulfide conformations, and A more rigorous test is to compare predictions based on a wildtype structure with the conformations observed in a mutant protein into which SS-bonds have been engineered. Figure 6 shows the three-dimensional structure of subtilisin Carlsberg (Bode et al. , 1987) , in which all predicted SS-bonds with an energy of < 3 kcal/mol are indicated. Table IV lists all predicted SS-bond conformations with an energy <4 kcal/mol. Although in subtilisin BPN' SS-bridges have been introduced and not in the subtilisin Carlsberg, a comparison can still be made because the folding of the two subtilisins is very similar. The structure of two SS-bonds introduced in subtilisin BPN' has been determined (Katz and Kossiakoff, 1986) . The x-I-I, x-2-1, x-3, x-2-2 and x-1-2 angles were 42, 121, -98, 143 and -49 0 for the 22-87 SS-bond and -65, -50,96, -171 and -1570 for the 24-87 SS-bond. Comparison with the values given in Table IV shows a good agreement, although the observed 22 -87 SS-bond is not the conformation for which we predict the lowest energy. Nevertheless, under the assumption of only small changes in the main chain conformation, we can reliably predict disulfide bond conformations. A second protein into which a disulfide bond has been engineered is dihydrofolate reductase (Villafranca et at., 1983 (Villafranca et at., , 1987 . In contrast to our results with subtilisin, our predictions for the 39-85 SS-bond in the dimeric dihydrofolate reductase are quite different from the observed conformations. While the observed disulfide bonds have dihedral angles of~-150, -155, -80, -65 and -80, we predict two conformations of about equal energy: 60, -145, -90, 120, 180 and 60, 140, 105, -80, -105 for x-I-I, x-2-1, x-3, x-2-2 and x-I-2 respectively. The reason for this discrepancy is that the main chain conformations of residues 39 and 85 have to change substantially in order to accommodate this SS-bond. Without any main chain readjustments the two Sg atoms would have been 3.45 A apart at the x-I torsion angles given by Villafranca et al. (1987) . This directly shows the limitations of our approach, which assumes that main chain conformations stay more or less the same.
Computer time requirements
For a medium-sized protein like subtilisin (274 residues), the program takes~5 min of CPU time on a microVAX-1I computer. The CPU time needed is a function not only of the number of amino acid residues present in the model, but also of which values for the x-3 angle are allowed. E.g. in the highly refined subtilisin of Bode et al. (1987) , allowing a x-3 range of ± (90 ± 51) 0, 77 potential sites for an SS-bond are selected for which possible conformations will be analyzed. This results in 47 potential SS-bond sites with a conformational energy of ≤5 kcal/mol (CPU time 286 s). Extending the x-3 range to ±(90.0 ± 90.0)0 leads to 182 sites to be analyzed. The full analysis in this case takes 495 s.
Discussion
As an aid in the selection of sites in a protein where a disulfide bridge might be introduced, we have developed a computer program to select those sites and to analyse the possible disulfide conformations. From the few examples available at this moment it is clear that under the assumption of no, or at the most, small conformational changes in the main chain conformation, the Fig. 6 . Cα-Carbon tracing of subtilisin Carlsberg with predicted SS-bond conformations, which have an energy of <3.0 kcal/mol. If more than one conformation with an energy <3.0 kcal/mol has been predicted, the conformation with the lowest energy is depicted. The three-picture stereo system used in this figure enables readers with both normal and cross-over stereo vision to view the images. For normal vision, select the left and centre images; for crossover vision, use the centre and right images. program is capable of correctly predicting disulfide conformations. The program described in this paper appears to be faster than the PROTEUS program written by Pabo and Suchanek (1986) . This latter program was reported to take IS min of CPU time on a VAX 11/750 computer for the N-terminal domain of l repressor (2 x 92 residues).
Our program calculates the conformations with minimal energies for potential disulfide bonds at given sites. It does so, however, without regard for neighboring atoms, which might cause Van der Waals collisions. Neither are packing defects taken into account, which might arise from the substitution of amino acid sidechains by cysteine sidechains. Therefore, after selecting the most promising conformations, one should examine these conformations for too close contacts on a computer graphics device, and perform an energy minimization of the whole protein molecule to remove unfavorable interactions and packing defects.
